Our work aims to identify nano-scale metal films with enhanced absorption between 1 to 10 THz for use in thermal imagers operating in this spectral band. Absorption measurements of chromium and nickel films with different thicknesses (8 -30 nm) revealed absorption as high as 40% (Cr) and 27% (Ni) between 3 and 9 THz. Further analysis showed that it is possible to optimize absorption by controlling conductivity of metal films by patterning them to reduce fill factor. This design flexibility allows tailoring of the absorbing layer to reduce residual stress of membranes used in microbolmeter and bi-material thermal sensors.
INTRODUCTION
Interest in terahertz (THz) spectral range has increased recently, especially for imaging applications [1] . THz radiation is non-ionizing and hence favorable to applications involving human exposure, especially medical examinations and security screenings. Several materials, including some explosive constituents, display unique THz absorption characteristics [2] . THz imaging has been demonstrated using conventional, microbolometer-based imagers optimized for infrared (IR) wavelengths (8-12 μm) coupled with an external THz illumination source [3] [4] . The potential limitations of this approach are the low sensitivity in the THz region of microbolometer cameras optimized for IR imaging and the relatively low output power of commonly available THz sources such as quantum cascade lasers (QCL). Bi-material based MEMS uncooled infrared (IR) imaging technology [5] [6] is another possible candidate for THz imaging using the same principle as microbolometers, but it suffers the same limitations in performance [7] . In both cases, the absorbed energy heats the sensing element, changing its resistance in the case of microbolometers, or deforming its structure in the case of bi-material sensors. To increase the sensitivity of these devices, it is necessary to design a pixel membrane structure that absorbs THz more efficiently, without compromising the thermal proprieties of the sensors [7] . It is known that nanometer scale metal films deposited on dielectric layers provide good THz absorption due to resistive losses in the film [8] . In this paper, experimental absorption characteristics of thin chromium and nickel films are reported. In addition, finite element simulations are also performed and the results used to propose methods to further increase absorption. In a theoretical analysis, Hadley and Dennison demonstrated that an unsupported metal film in air can absorb at most 50% of incident infrared radiation [9] . This optimum point can be achieved by selecting a combination of conductivity and thickness that depends on the frequency range of interest. This problem can be approached by finding transmission (T) and reflection (R) coefficients of the film and then obtaining absorption (A) using A=100 -(R+T). In practical devices structural layers support these thin films. For experimental purposes, metal films can be deposited on low-conductivity substrates to minimize additional THz absorption. Fabry-Perot fringes from multiple reflections from the front and back surfaces of the substrate needs to be accounted for in the estimation of the absorption of the film.
CHARACTERIZATION
Nano-scale Cr and Ni films were deposited on (100) Si substrates using plasma enhanced chemical vapor deposition (PECVD). The thickness and conductivity of the films were measured using a surface profiler and a four-point probe, respectively; the values are listed in Table 1 . All the films were characterized in the 3-10 THz range using a Fourier transform infrared spectrometer (FTIR Nexus 8700) fitted with a globar source, a Si beamsplitter and a pyroelectric detector. To determine the absorption in the THz band, the structure was placed in the sample compartment of the FTIR as illustrated in Fig. 1 (a) and (b) to measure reflection and transmission coefficients, respectively. The reflection measurements were taken at off-normal incidence (30°) using an arrangement of two gold mirrors to guide the reflected beam towards the FTIR detector. For the background subtraction, a third gold mirror was used as reference. The transmission coefficients were also measured by placing the sample at 30 degrees to the incident THz beam from the spectrometer. Figure 2 shows measured transmission and reflection coefficients of sample C (Ni 8 nm) in the 3 to 9 THz range. The Fabry-Perot effect is clearly visible. Experimental absorption was calculated and is also shown in Fig. 2 . To determine the absorption of the films without the contribution from the substrate, reflection, transmission, and absorption properties of all samples were simulated with a 3D finite element (FE) model using COMSOL multiphysics software. Due to the homogeneity of the structures, a unit cell as schematically shown in Fig. 3 was used in the simulation. The field distribution is calculated for an incident plane wave of any angle of incidence polarized along one of the edges of the cell. Perfect electric boundary conditions are applied to the faces perpendicular to the electric field and Floquet periodic boundary conditions are used on the faces parallel to the electric field. The transmission and reflection spectra of 1 W incident power are calculated by integrating the power flow on the inbound and outbound layer boundaries as highlighted in Fig. 3 . Material properties were obtained from ref. [10] . Table 1) . The difference between theoretical and experimental oscillation amplitudes is most likely due to the low resolution (1 cm −1 or 14.46 GHz) of the FTIR spectrometer in the THz spectral range of interest. It is important to note that the simulated absorption of a film was found to lie on top of the fringes as shown by the solid straight line in Fig. 4 (b). The unsupported film absorption is estimated to be about 24 %, assuming it lies on the top of the measured fringes as shown by the straight line in Fig. 4 (b) . The difference between the simulated and measured absorption was found to be less than 2%. All the samples were measured and simulated; the estimated absorptions as a function of thickness are plotted in Fig. 5 (a). In addition, the measured relationship conductivity as a function of film thickness for both Ni and Cr films are shown in Fig. 5 (b) . Cr (15 nm) is about 40%. A systematic difference can be observed when comparing simulation and measurements. This is most likely due to limitations in the FTIR resolution as mentioned previously.
OPTIMIZATION OF ABSORPTION
It is clear from the data in Fig. 5 that absorption of a thin film depends on both the thickness and conductivity. Simulations were performed varying both parameters to determine the maximum absorption for a given set of thicknesses and conductivities. Figure 6 shows the conductivity needed to obtain the peak absorption as the thickness is varied. The solid line in Fig. 6 represents conductivity and thickness needed for obtaining the theoretical maximum absorption of 50% [9] . In this analysis, the conductivity as a function of thickness was estimated using the data in Fig.  5(b) . The scale in both axes is conveniently set as logarithmic to show the maximum absorption as a straight line. The results in Fig. 6 show that thinner films are required for achieving maximum absorption when the conductivity of a film is higher. On the contrary, thicker films are needed for materials with lower conductivity to obtain maximum absorption. It is clear from Fig. 5 that to further increase absorption of Cr and Ni films, thinner films are required. In the case of nickel, which is a good choice for THz bi-material sensors due to its lower residual stress after E-beam deposition [11] , the maximum absorption is estimated to occur in a film 2.4 nm thick, putting stringent requirements on fabrication. In the case of chromium, the estimated maximum is obtained near 8.6 nm. Even though this thickness is much easier to precisely deposit, Cr films show higher residual stress when the same deposition technique is used [11] . Another possibility is to optimize the conductivity of the films without changing the thickness by patterning the metal film to form, for example, a squared fish net as illustrated in Fig. 7 (a) . These structures can have resonance absorption characteristics and also provide an almost flat frequency response when operated off resonance. Figure 7 (b) shows FE simulation of the maximum absorption of sample D (Ni -10 nm -100% fill factor) compared with patterned structures with 25 and 10% fill factor while keeping the film thickness constant. Note that the thinner mesh (fill factor of 10%) absorbs around 20% more than the homogeneous film. The effective conductivity of the mesh to achieve maximum absorption can be estimated using the graph in Fig. 5 as approximately 5x10 5 S/m. This configuration is particularly interesting because depositing less metal on the structural (supporting) layer implies less stress.
CONCLUSION
The THz characteristics of thin Cr and Ni films were measured. Absorption of about 27% for Ni (8 nm) and 40% for Cr (15 nm) were obtained while 50% is the theoretical maximum. Experimental results agreed well with 3D finite element simulations of thin metal films. The results indicate that either thickness or conductivity must be reduced to optimize absorption in thin films. Using FE simulation, it was shown that reducing the fill factor of metal films (patterned structures) decreases conductivity, improving absorption. The overall results indicate the possibility of obtaining high absorption using thicker metal films with less intrinsic stress, allowing greater flexibility in the design of bimaterial/microbolometer.
